ABSTRACT. Enteritis has been recognized as a major symptom in domestic animals and human patients suffering from feed and food poisonings. The aim of the present study was to clarify the excitatory mechanism of the pelvic nerve afferent which may influence the occurrence of enteritis in response to nociceptive chemical stimuli of the colon in normal and abnormal rats with colitis induced by dextran sulfate sodium (DSS). The pelvic nerve afferent activity was markedly increased by colonic instillation of solution (0.5 ml) of acetic acid (5-25%) and capsaicin (100µg/ml). The nerve activity was augmented by colonic instillation of capsaicin to a greater extent in rats with DSS-induced colitis than in normal control rats. This augmented activity by capsaicin was more prominent at one day (DSS-1) than at 8 day (DSS-8) after the administration of DSS. The increased nerve activity caused by capsaicin in DSS-1 and DSS-8 was significantly inhibited by pretreatment with ruthenium red, which is a nonselective inhibitor of TRP channels of unmyelinated C-fibers (nociceptors). In conclusion, it was elucidated that the nociceptive function of the pelvic nerve was largely elevated at one day after DSS-induced colitis and such increased function was mostly mediated by TRP channels.
Acute enteritis due to food/feed poisonings and chronic enteritis represented by inflammatory bowel disease have been widely recognized as serious health hazards in human patients and domestic animals [2, 8, 20] . Many studies have been conducted on pathophysiological mechanisms of these intestinal diseases, focusing on immunopathologic and microbiological mechanisms, and also on the neural network system in the intestine, using model animals [4, 13, 24] . In these inflammatory disorders, the hyperesthesia to various chemical and mechanical stimuli in the intestine has been known as a major part of symptoms that might be associated with bowel complaint, abnormal intestinal motility and other general symptoms.
Since the neural mechanism of perception in response to intestinal stimuli should play an important role in the physiological regulation of intestinal environments, the inadequate activity of the sensory nerve innervating the intestine is supposed to induce or accelerate inflammatory symptom via mechanisms such as neurogenic inflammation and/or cross-talk actions of neural and immune systems.
It has been known that the sensory innervation of the colon, which is a prevalent region of inflammatory bowel disease, is supplied by the pelvic nerve. However, the detailed electrophysiological properties about the nociceptive perception of this sensory nerve have not been fully explored. The excitability of such nociceptors should contribute to neurogenic inflammation that accelerates or augments pathophysiological conditions of the gastrointestinal tract. It has been considered that unmyelinated C-fibers constitute such nociceptive neurons involving TRPV1-mechanisms being activated by acidic conditions, heat stress greater than 43°C and a selective agonist, capsaicin [1, 3, 4, 16, 21] . It has also been reported that the pelvic nerve of the rat involves C-type fibers at a proportion of 60% and Aδfibers at a proportion of 40%, identified by measurement of conduction velocity [4] . These afferent fibers are conceived to play roles in nociceptive chemical and mechanical sensation in the colon. Therefore, it should be important to measure the activity of pelvic nerve afferents and to know the role of nociceptors in inflammation in the lower intestinal tract from clinical aspects regarding bowel diseases and hyperalgesia.
The aim of the present study was to clarify the afferent activity in response to chemical nociceptive stimulation, i.e., with acetic acid and capsaicin, of the colon in normal and abnormal rats with inflammatory bowel caused by treatment with dextran sulfate sodium (DSS) which is a representative inducer of acute colitis with ulcer [12] [13] [14] [15] .
MATERIALS AND METHODS
Animals, anesthesia and surgical procedure: Experiments were performed on Wistar Kyoto rats (male, 8-10 weeks, 200-300 g body weight). The rats were housed in a temperature-controlled (22-24°C) room and given water and commercial chow. They were anesthetized with an intraperitoneal injection of urethane (1.0 g/kg) and placed supine on an operating table. The femoral vein was exposed and incised in order to place a cannula for drug administration. A polyethylene catheter filled with saline was also inserted into the colon, with the tip placed 10 cm above the anus.
Electrophysiological recordings of the pelvic nerve afferent: The pelvic nerves innervating the lower gastrointestinal tract were identified with the aid of a binocular microscope. The pelvic nerve was sectioned, and its peripheral cut end was separated from surrounding connective tissues. The afferent activity from the whole pelvic nerve was recorded from its peripheral cut end. The nerve recording was performed within the abdominal cavity filled with paraffin oil using a platinum bipolar electrode connected to an amplifier (Biomedical Amplifier, MEG-1200, Nihon Kohden, Tokyo, Japan). The action potential of the pelvic nerve was displayed on an oscilloscope (SS-5215 Synchroscope, Iwatsu, Tokyo, Japan). All the signals were simultaneously recorded by a thermal array recorder (Thermal Array Recorder, Nihon Kohden) and stored on a digital tape recorder (PC208, SONY, Tokyo, Japan) or a personal computer equipped with an A-D converter (PowerLab 8/30, ADInstruments Pty. Ltd., Nagoya, Japan).
Drugs and DSS-induced enteritis:
In the present study, it was first examined whether the pelvic afferent nerve was responsive to acidic and noxious stimulation applied to the colon. For this aim, acetic acid (volume, 0.5 ml), an inducer of acute enteritis [13, 14] , with a concentration of 5% (pH=2.1), 10% (pH=1.8) or 25% (pH=1.4) was instilled into the colon. Furthermore, the difference in excitability of the afferent activity of the pelvic nerve was observed between normal and abnormal rats with or without DSS-induced enteritis. For rats in the DSS group with DSS-induced enteritis, DSS (molecular weight: >500,000 g, Sigma-Aldrich Pty Ltd., Castle Hill, Australia) solution with a concentration of 5% (wt/vol, diluted with tap water) was given as drinking water. In non-DSS group of rats, tap water without DSS was given ad libitum. Afferent activity from the pelvic nerve was recorded at 1 day and 8 days after DSS administration as drinking water in the DSS group and tap water in the non-DSS group. Body weight, diet and water consumption were measured daily. Hardness of stool and bleeding from the gastrointestinal tract were also observed daily.
A solution of capsaicin (100µg/ml, 0.5 ml), which is a selective stimulant to TRPV1 (transient receptor potential vanilloid type 1 receptor) on C-fiber endings and other cells, was administered into the colon to observe the change in nociceptive perception of the pelvic nerve in the DSS and non-DSS groups. Capsaicin (Sigma-Aldrich Pty Ltd.) was dissolved in vehicle (1% Tween 80 and 10% methanol) and diluted by saline. Also, ruthenium red (RR) (100µg/ml, 0.5 ml), a potent transient receptor potential (TRP) channel antagonist, was administered intravenously at 2 min before capsaicin administration in some experiments in order to examine the effects on nerve excitation via transient receptor potential vanilloid 1 (TRPV1) by capsaicin in the DSS and non-DSS groups.
The dosages of capsaicin and ruthenium red used in the present study were decided according to the past reports [17, 23, 28] Data analysis: The discharge frequency recorded from the whole nerve was counted for every 30 sec (impulses/30 sec), and averaged for 90 sec before instillation and for 600 sec after colonic instillation of solutions. The values are expressed as means ± SE. Whole nerve activity was measured by software (LabChart, ADInstruments Pty Ltd.) of a spike-height discriminator, setting the discriminating level to approximately 40 impulses/30 sec before solution instillation, and the change in discharge caused by the following experimental conditions was observed. Average discharge frequencies were counted and statistical analysis was performed by use of the Wilcoxon singed-rank test for comparison between before and after acetic acid instillation and capsaicin instillation in the non-DSS, DSS-1 and DSS-8 groups. Also, maximum responses to capsaicin were compared among the non-DSS, DSS-1 and DSS-8 groups by the Mann-Whitney U test. Differences were considered statistically significant if the P values were less than 0.05.
All experiments were conducted in accordance with the Animal Experimentation Guidelines of the University of Tokyo and approved by the institutional Animal Care and Use Committee of the Graduate School of Agricultural and Life Sciences at the University of Tokyo.
RESULTS

Response to acetic acid:
A representative record of the pelvic nerve afferent activity is shown in Fig. 1 , which shows that the afferent discharge increased from immediately after instillation of acetic acid solution in each concentration (5, 10 and 25%) group. The increase in mean frequency caused by acetic acid was shown to be dose-dependent (Figs. 1  and 2 ). In the 5 and 10% groups, the discharge frequency reached the maximum at 30 sec after administration, and in 25% group maximum response was observed from 150 to 240 sec after administration. In the 25% group, the increase in discharge frequency lasted for approximately 330 sec.
Response to capsaicin in DSS-induced enteritis: Responses of the pelvic afferents to capsaicin solution instilled into the colon are shown in Figs. 3 and 4 . Discharge frequency was rapidly increased by the colonic instillation of capsaicin in all groups. The increase in discharge frequency was predominant for 0 to 90 sec (early stage) immediately after the capsaicin instillation in all groups, whereas the discharge frequency increased again in the DSS-1 group approximately 300 sec (late stage) after a short-term decrease at around 180 sec (Fig. 4) . The increase in discharge frequency was most apparent in the DSS-1 group among the three groups at both early and late stages (P<0.05), whereas no significant difference was present at early stage in DSS-1 group and at late stage in non-DSS group (Fig. 5) . The discharge frequency was most high in DSS-1 group as compared with DSS-8 and non-DSS groups at late stage (P=0.07 between DSS-1 and non-DSS groups). In the non-DSS group, the discharge frequency returned the pretreatment level at approximately 300 sec after the capsaicin instillation.
The maximum responses to colonic capsaicin instillation are shown in Fig 6. The discharge frequency during maximum response in all groups was significantly higher than that before instillation. The discharge frequency per 30 sec during the maximum response was significantly higher in the DSS-1 group than in the other two groups.
Effects of RR on pelvic-nerve activity and on the response to capsaicin in DSS-induced enteritis: Time-course changes in the pelvic nerve afferent activity in response to capsaicin with or without RR pretreatment are shown in Fig. 7 . In the non-DSS, DSS-1 and DSS-8 groups, there were no significant differences between the control and RR groups immediately before the capsaicin instillation, although the discharge frequency in the RR groups tended to be lower to a small extent than in the control groups without RR pretreatment. The colonic instillation of capsaicin significantly Fig. 1 . Time-course changes of afferent activities in the pelvic nerve before and after the colonic instillation of acetic acid solution. All plotting data are expressed as means ± SE of 6 rats. Fig. 2 . Comparison of the maximum responses to 5 to 25% acetic acid solution. All data are expressed as means ± SE of 6 rats. a: P<0.05 vs. before instillation of acetic acid. Fig. 3 . Afferent activities of the pelvic nerve in response to the colonic instillation of capsaicin solution (100 µg/ml, 0.5 ml) in rats. non-DSS: Recording from a normal rat in the non-DSS group. DSS-1:
Recording from a rat in the DSS-group on one day after DSS administration. DSS-8: Recording from a rat in the DSS group on 8 day after DSS administration. The upper and lower graph in each panel for the groups shows the nerve recording and a histogram of the discharge frequency for every 30 sec, respectively.
increased the discharge frequency in all control groups (Fig.  7) . The maximum responses to capsaicin were compared between the control and RR groups as shown in Fig. 8 . The increase in discharge frequency by capsaicin instillation was significantly inhibited by pretreatment with RR in the DSS-1 and DSS-8 groups (Fig. 8B and 8C ), whereas a significant increase was observed in the control groups without RR pretreatment ( Fig. 8A-C) . Moreover, a significant decrease in discharge frequency was observed in the DSS-1 group at the late stage, during 300 to 600 sec after the capsaicin instillation, although no significant effect was present in the non-DSS and DSS-8 groups (Fig. 9) .
DISCUSSION
The present study demonstrated that the afferents of the pelvic nerve were strongly stimulated by acetic acid and capsaicin instilled into the colon. This evidence suggested that this nerve has nociceptive properties that are highly responsive to acidic conditions and/or noxious chemical stimuli in the lower gastrointestinal tract. Although the effects of ruthenium red on the pelvic nerve activity was not examined in the present study, it has been known that protons activate TRPV1 in many DRG sensory neurons [6] .
DSS has been widely used as a representative inducer of experimental colitis in experimental animals such as rats and mice, in which acute colitis characterized by histological damages to the intestinal epithelium, ulcer, hemafecia, diarrhea and increase in cytokines such as TNFα can be produced [5, 12, 18, 25] and the structural and ultrastructural changes have been shown to be similar to those in human colitis [7] . It has been reported that Sprague-Dawley rats, which were orally administered 4% DSS solution, exhibited diarrhea at 6.14 ± 0.69 days (mean ± SD) and hematochezia at 8.14 ± 1.2 days after the DSS was administered [7] .
In the present study, the increase in discharge frequency in response to capsaicin in the DSS groups was shown to be larger than that in the non-DSS group. In particular, the responsiveness in the DSS-1 group to capsaicin was significantly greater than in the other two groups (Fig. 7) . This evidence suggested that the nociceptive perception in the pelvic nerve to chemical irritants was already high one day after administration of DSS and that such augmented perception was decayed on the 8th day after DSS administration. This finding also indicated that the excitatory mechanism via TRP channels was enhanced at an early stage of colitis induced experimentally by DSS. It is considered that the cause of augmented nociception of the pelvic nerve to TRPV1 stimulants in DSS-induced colitis is associated with changes in inflammatory mediators that affect the activity of nociceptors. It has been reported that DSS produces increments in inflammatory mediators such as TNFα, IL-8, MPO, COX-2, and NFκB in addition to oxidative and osmotic pressure stress in the colon [5, 9, 11, 12, 19, 20, 22, 26, 27] . A recent study regarding lung nociception showed that a pretreatment with TNFα (50 ng/ml) for shorter than 24 hr increased significantly the peak change in intracellular calcium concentration evoked by capsaicin in nodose and jugular ganglion neurons, whereas a pretreatment with the same concentration of TNFα for longer duration (~48 hr) did not further increase the response [10] . If TNFα had the same action on the pelvic nerve in the present study, the colonic increment of TNFα in the initial state of DSS-induced colitis may have enhanced the nociceptive response of the pelvic nerve to capsaicin. This may be supported by a report that a great increase, 70 to 80-fold compared with control rats, in colonic TNFα mRNA expression was found on the first to second day after inducing colitis in rats using DSS [5] . This report by Dharmani et al. [5] also showed that the TNFα expression was reduced by 40 to 50-fold between 3 and 8 days after inducing colitis using DSS. The present study examined the pelvic afferent activity in response to capsaicin with or without pretreatment with RR which is a representative antagonist to TRP channels such as TRPV1. The increase in discharge frequency in response to capsaicin instillation was significantly inhibited by the pretreatment with RR in the DSS-1 and DSS-8 groups. This finding suggested that the responsiveness of the pelvic nerve to capsaicin was increased by the DSS-induced colitis and that this hypersensitivity was due to the increased exciting mechanism via TRP channels. The responsiveness to capsaicin in the DSS-1 group was maintained for longer, as shown in the late stages, while in the control and DSS-8 groups and also in rats with administration with acetic acid, such a prolongation of increased activity was not exhibited. The high activity in response to capsaicin in the late stage in the DSS-1 group was assumed to be derived from TRPV1-mediating excitatory mechanisms in response to capsaicin because the late stage response was also abolished by the pretreatment with RR.
Such functional changes preceding severe morphological changes in colonic mucosa, which usually appear one week after DSS administration [7] , might provide valuable information for understanding the initiation of chronic inflammation of the colon, in which such augmented nociception of C-fibers with TRP receptors in the initial stage of inflammation in the lower intestine might play an important role in promoting severe and chronic inflammation caused by peripheral and central neural mechanisms.
